Introduction {#sec1-1}
============

It is well established that various physiological, pathological and environmental factors, including physical activity affect skeletal muscle contractile and metabolic properties which may reflect in the muscle fibre type transitions.^[@ref1],[@ref2]^ Although fibre types are broadly divided into type 1 and type 2 fibres, skeletal muscle fibres are mostly classified according to the myosin heavy chain (MyHC) isoforms, which are one of the most relevant markers of fibre types and their contractile and metabolic characteristics. There are four major MyHC isoforms expressed in adult rat skeletal muscles, i.e. MyHC-1, -2a, -2x (2d) and - 2b.^[@ref3]^ MyHC-1 is expressed in slow-twitch type 1 fibres, which are rich in mitochondria, possess high oxidative capacity, are fatigue resistant and are involved in longlasting tension activities. They are numerous in slow, oxidative, red muscles like the rat soleus (SOL). Type 2 fibres are further subdivided into type 2a, 2x, and 2b according to the expressed MyHC isoform (MyHC-2a, -2x, and -2b). Type 2b fibres are the fastest ones with predominant glycolytic metabolism and fatigue easily. Type 2a and 2x fibres have intermediate contractile and metabolic characteristics between those of type 1 and type 2b fibres. Type 2 fibres, particularly type 2b are involved in intense and rapid activities of short duration and are abundant in fast, glycolytic, white muscles. An example of a muscle enriched in type 2 fibres is the rat extensor digitorum longus (EDL).^[@ref4]^ The fibre type transitions are assumed to mostly proceed gradually (1↔1/2a↔2a↔2ax↔2x↔2xb↔2b).^[@ref5]^ However, such muscle fibre type transitions include removal of old proteins and synthesis and replacement with new ones, which are better suited for particular physiological conditions.^[@ref6]^

Though the effects of several factors, especially the endurance training, on the muscle fibre type composition have been studied well, the effects of tumorigenesis and long-term high fat diet on muscle fibre type transitions have been less conclusive. To our knowledge, our recent study was the first to demonstrate that an experimentally induced tumorigenesis resulted in altered fibre type proportions in a muscle-specific manner.^[@ref7]^ On the other hand, the studies on the relationship between high fat diet and muscle fibre type composition in rat are scarce, they are mostly evaluated in the context of the obesity^[@ref8]^ and their results are contradictory, ^[@ref9]^ which is not surprising as it was demonstrated that different fat sources have various effect on the fibre type transitions. ^[@ref12]^

In recent years, high fat diet together with sedentary life style has been recognized as an important factor responsible for various diseases, such as obesity, diabetes, cardiovascular diseases, including colon cancer which is one of the most common cancers worldwide.^[@ref13]^ To investigate the underlying mechanisms through which various physiological and environmental factors interact with colon cancer development, various animal models have been used. One of the well-established models of the experimental multistep development of colon carcinogenesis with morphological and histological features similar to those seen in the human sporadic colon carcinogenesis (*i.e*., dysplastic crypts, adenomas, carcinomas) is the carcinogen 1,2 dimethyhydrazine (DMH) model.^[@ref14]^

Nevertheless, the studies on animal models of colon cancer have shown that the composition of the ingested dietary fatty acids has been a more critical risk factor than the total amount of the ingested fat. Further, it was demonstrated that dietary fatty acids affect the lipid content of tissues, lipid peroxidation process, antioxidant status, arachidonic acid metabolism, immune function, cell signalling pathways, cell proliferation and apoptosis.^[@ref13]^ Nonetheless, the experimental studies in DMH rat model have shown that high fat diet, particularly high-fat mixed lipid (HFML) diet, which reflects the mixed lipid composition of the average Western-style diet and consists of a mixture of saturated, monosaturated and polyunsaturated fatty acids, has been strongly associated not only with an increased incidence of colon cancer but it compromised the antioxidant defence system in various tissues as well, including the skeletal muscle.^[@ref17]^ On the other hand, the endurance swimming reduced the development of colon tumours in DMH-treated rats on both HFML and low fat corn oil (LFCO) diet but affected the antioxidant defence system in the heart, liver and skeletal muscle only in rats on HFML diet.^[@ref18],[@ref19]^ As already stated, we have demonstrated that DMH induced tumorigenesis affected the fibre type composition of some muscles, *i.e.* reduced proportion of hybrid fibre types in most of gastrocnemius samples, but no relevant impact on the SOL and EDL fibre type composition.^[@ref7]^ On the contrary, the effect of an excessive fat intake and its interaction with the effect of swimming on muscle fibre types in rats with colon tumours have not been evaluated yet.

Therefore, the first aim of our study was to examine whether a long-term (21 weeks) HFML diet affected the fibre type composition of skeletal muscles in rats with DMH induced colon tumours. The second aim was to investigate the potential effect of endurance swimming on the fibre type composition of skeletal muscles of LFCO diet fed rats with DMH induced colon tumours. Further, our third aim was to evaluate whether a long-term swimming (21 weeks) had beneficial effect on the fibre type composition of skeletal muscles of HFML diet fed rats with colon tumours. As a musclespecific response to various factors is known^[@ref2]^ and the muscles are differently involved in the endurance swimming, four different skeletal muscles were analysed, slow SOL, fast EDL and both heads of mixed gastrocnemius muscles. Nonetheless, we believe that the results of our study may contribute to better understanding the complexity of factors involved in the skeletal muscle adaptation under high fat diet, particularly in the context of colon tumorigenesis.

Material and Methods {#sec1-2}
====================

Animals and experimental protocol {#sec2-1}
---------------------------------

Twenty-four 4-week-old male Wistar (HsdRccHan^TM^: WIST) rats (Medical Experimental Centre, Ljubljana, Slovenia) were used in the study. They were housed at 22-23°C (55±10% humidity, 12 h light/dark cycle). The animal experiment was designed to study the interactive effect of HFML diet and swimming on the incidence of DMH induced colon cancer as already reported in our previous studies.^[@ref18],[@ref19]^ Briefly, after 8 week of adaptation period the animals were randomly divided in 4 experimental groups (n=6) according to the experimental treatment: a pair of swimming (S) and a pair of sedentary groups. Each of the paired groups was provided different diet, either low-fat corn oil (LFCO) or high-fat mixed lipid (HFML) diet. The four animal groups were respectively assigned as LFCO, LFCO-S, HFML, and HFML-S. The rats were treated with carcinogen 1,2- dimethylhydrazine (DMH) (Fluka Chemie, Switzerland, 20 mg/kg, dissolved in 0.001 M EDTA; pH 6.8), administered subcutaneously once a week for 15 consecutive weeks. The animals were euthanized 6 weeks after last DMH application at age of 33 weeks. The experimental protocol is summarized in [Figure 1](#fig001){ref-type="fig"} and was approved by the National Ethic Committee of the Republic of Slovenia (License No. 34401-61/2007/7) and conducted in accordance with the European Convention ETS 123.^[@ref18],[@ref19]^

Diet {#sec2-2}
----

At the age of 12 weeks the rats were provided two types of diet, both based on AIN-76A diet (Altromin, Germany) and prepared according to the diets reported by Rao and co-workers:^[@ref17]^ a low-fat corn oil diet (LFCO) or a high-fat mixed lipid (HFML) diet. The composition of the experimental diet was adjusted so that both diets offered the same amount of calories, proteins, vitamins, minerals and fibres. LFCO diet consisted of 5% of total lipids (corn oil), rich in polyunsaturated (PUFA) ω-6 fatty acids, whereas HFML diet consisted of 20% of total mixed lipids, of which 16% were derived from beef tallow, 10% from lard, 12% from butter fat, 30% from hydrogenated soy bean oil, 5% from peanut oil and 27% from corn oil. HFML diet contained 45% of saturated, 24% of monosaturated (ω-7/9) and 28% of PUFA-ω-6 fatty acids.^[@ref18],[@ref19]^

Swimming {#sec2-3}
--------

To adapt to water and swimming, the animals of all four groups were gradually introduced to water over an eight-week adaptation period. Then the animals of the two swimming groups started to exercise in dark phase of the day in 100 cm high plastic container, filled with 60 cm deep water (30-33°C) for total 21 weeks 5 days a week. In the first week they swam for 15 min/day, in the second week they swam for 30 min, thereafter swimming was prolonged for 10 min a week. From the ninth week on, the rats were required to swim 90 min/day until the end of the experiment ([Figure 1](#fig001){ref-type="fig"}). Meanwhile the two swimming groups were exercising, the animals of sedentary groups were kept in a plastic cage with 3 cm of water (30°C) to exclude potential stress and other confounding effects.

Muscle samples {#sec2-4}
--------------

After euthanasia at the age of 33 weeks, four skeletal muscles, known to differ in the fibre type composition, were excised from the right hind limb: slow soleus (SOL), fast extensor digitorum longus (EDL), and the heterogeneous gastrocnemius medialis (GM) and lateralis (GL) muscles. Since a prevalence of slower fibre types in the deep part and a predominance of faster ones in the superficial part is characteristic for the gastrocnemius muscles,^[@ref20]^ GM and GL samples were further divided into the deep (GMd, GLd) and superficial part (GMs, GLs). The muscle samples were frozen in liquid nitrogen and stored at -80°C until being processed for immunohistochemistry.

Immunohistochemistry {#sec2-5}
--------------------

Fibre type proportions of individual muscles were determined according to the expression of MyHC isoforms revealed by four monoclonal antibodies: BA-D5 (MyHC-1) and SC-71 (MyHC-2a), 6H1 (MyHC-2x) and BF-F3 (MyHC-2b).^[@ref21],[@ref22]^ The antibodies BA-D5, SC-71 and BF-F3 were locally produced from cell lines purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany). The antibody 6H1 was purchased from the Developmental Studies Hybridoma Bank (DSHB, University of Iowa, USA).

The immunostaining of serial muscle cryosections (10 μm) was performed as previously reported.^[@ref7]^ Briefly, sections were pre-incubated in phosphate buffered saline, containing 0.5% bovine serum albumin (PBS/BSA) for 30 min. The supernatants with antibodies were appropriately diluted with PBS/BSA (BA-D5 1:500; SC-71 1:200; 6H1 1:50; BF-F3 1:20), the sections with primary antibody were incubated overnight at 4°C. To verify the specificity of each antibody, a slide parallel to each set of analysed samples was incubated in PBS/BSA lacking the primary antibody. The binding of the antibodies BA-D5, SC- 71 and BF-F3 was demonstrated using secondary antibody conjugated with horseradish peroxidase (P260, Dako, Glostrup, Denmark), which was diluted (1:100) in PBS/BSA, with addition of rabbit serum (1:40). To reveal the secondary antibody binding, the sections were incubated in 0.05% diaminobenzidine tetrahydrocloride hydrate (DAB) and 0.01% H~2~O~2~ in 0.2 M acetate buffer (pH 5.2) for approximately 7 min in the dark.^[@ref23],[@ref24]^ The binding of 6H1 was demonstrated by NovoLink Polymer Detection System following the instructions of the producer (Leica Biosystems, Newcastle, UK). The control sections were respectively incubated either with the secondary antibody or NovoLink Polymer Detection System.

Muscle sections analysis {#sec2-6}
------------------------

In each of muscle sections, stained with different antibodies, the same selected area was registered by a digital camera (Nikon, DS-Fi1, 1232 X 972 pixels), connected to a light microscope (Nikon Eclipse 80i, magnification 20X). Thereafter, the registered digital images of serial muscle sections were analysed using a computer-assisted system for image analysis, which was developed in our collaboration with colleagues from the Czech Academy of Sciences.^[@ref7],[@ref25]^ The registered images were subsequently adjusted to fit better to each other using *Muscle Reg* program. In one of the registered images the contours of approximately 170 fibres were assessed manually using a program *Ellipse* (ViDiTo, Košice, Slovakia). The set of adjusted images and the superimposed fibre contours were used as input data to computer *FibClasM* program to determine the labelling pattern of fibres with different antibodies. Finally, using several macros (*Microsoft Excel)* fibre types were determined according to their labelling pattern with the four antibodies. In addition, the average diameters of fibre types were computed from the fibre contours.

Statistics {#sec2-7}
----------

Statistical analyses were performed using SPSS Statistics program Version 20. The average proportions (%) and diameters (μm) of fibre types were determined within each of the homonymous muscles of the four animal groups using descriptive statistics to calculate means, standard error of the mean (SEM) and the range of all variables. To evaluate an exclusive effect of HFML diet and swimming, the means of LFCO vs HFML and LFCO vs LFCO-S and were compared respectively. To demonstrate the interactive effect of both factors, the values of HFML vs HFML-S were compared.

According to the distribution of the standard deviations of means, determined by a Shapiro-Wilks test, the values of the paired groups were compared either by *t*test or by Mann-Whitney test. All data reported are means ± standard error of the mean (SEM). P values below 0.05 were considered significant and those between 0.05-0.1 as trends for differences.

Results {#sec1-3}
=======

Health status of animals {#sec2-8}
------------------------

The body weight of rats was recorded once a week, water and food intake three times per week, clinical state was monitored on daily basis. All animals showed no clinical signs of illness during the entire experiment. The exercising rats consumed significantly higher energy densities than the sedentary rats and the body weights of all rats increased with the advancing age, as demonstrated previously.^[@ref19]^ The body weight gain of both sedentary and HFML-S rats was comparable during the entire experiment, while the body weight gain of the LFCO-S group became significantly lower from those of the other three groups from the seventeenth week on till the end. At autopsy, a slightly higher but not significant amount of adipose tissue in the abdominal cavity was present in rats of both HFML groups. The pathohistological analyses revealed that the rats developed a small number of colon lesions, mostly macroscopically invisible dysplastic foci of crypts, whereas the adenomas and carcinomas were small and rare.^[@ref7],[@ref18],[@ref19]^

Fibre types {#sec2-9}
-----------

The average proportion of pure fibre types, expressing a single MyHC isoform (1, 2a, 2x or 2b) and of hybrid fibre types, co-expressing two or even more MyHC isoforms, were determined for each muscle within each animal group. Though 11 different hybrid fibre types could be identified, only the four most numerous ones, *i.e.* 1/2a, 1/2x, 2ax and 2xb, were included in the analysis.

Effect of HFML diet {#sec2-10}
-------------------

The effect of HFML diet on fibre types was evaluated by comparison of means of both sedentary groups but fed with different diet, i.e. LFCO vs HFML. HFML diet did not induce any significant differences in the fibre type proportions but only some trends for differences in SOL, GMd and EDL ([Figure 2](#fig002){ref-type="fig"}). In SOL a trend of higher type 1 proportion (P =0.093) and concomitant type 1/2a absence (P=0.065) imply transitions towards slow type 1. Whereas in GMd a trend in the opposite direction, towards faster type 2b was evident as their proportion tended to increase (P=0.096). In EDL there was a trend of type 1/2a proportion increase (P=0.071).

Effect of swimming {#sec2-11}
------------------

To evaluate the effect of swimming on fibre types, the average fibre type proportions of homonymous muscles of sedentary and swimming LFCO groups (LFCO vs LFCO-S) were compared ([Figure 3](#fig003){ref-type="fig"}). Swimming induced significant differences only in slow SOL muscle, in which type 2a proportion significantly increased (P=0.007) and that of type 1 decreased (P=0.033), indicating transitions from slow type 1 to faster type 2a in LFCO-S ([Figures 3](#fig003){ref-type="fig"} and 4). But in other muscles there were just trends for differences in the proportions of some fibre types, *i.e.* an increase of type 1/2x (P=0.071) in GMd and a decrease of type 2a (P=0.098) proportion in GLd, whereas in GMs lower proportion of type 2b (P=0.093) and higher of type 2a (P=0.065) imply a trend for transitions opposite to those in SOL, *i.e.* from faster type 2b towards slower type 2a fibres.

Interactive effect of HFML diet and swimming {#sec2-12}
--------------------------------------------

The interaction of both factors on fibre types was evaluated by comparison of the average fibre type proportions of homonymous muscles of sedentary and swimming HFML groups (HFML *vs* HFML-S). In SOL a significantly higher proportion of type 1/2a fibres (P=0.015) and concomitant trend for lower proportion of type 1 fibres (P=0.065) imply transitions from slow type 1 towards faster ones ([Figure 5](#fig005){ref-type="fig"}). But in GMd, swimming induced transitions in the opposite direction, *i.e.* from faster fibre types towards slower ones, as the proportions of type 2xb (P=0.023) and 2b (P=0.026) fibres were significantly lower. There was also a significantly higher proportion of hybrid type 2ax fibres (P=0.000) in GLd, whereas in GMs there was only a trend for higher type 2x proportion (P=0.065) in HFML-S.

Effect of HFML diet and swimming on the size of fibre types {#sec2-13}
-----------------------------------------------------------

The average diameters of fibre types were mostly unaffected by both HFML diet and swimming (*data not shown*).

Discussion {#sec1-4}
==========

In rats with DMH induced colon tumours we demonstrated that HFML diet and low-intensity, long-term swimming (21 weeks) affected the fibre type composition of SOL muscle and some samples of gastrocnemius muscle, whereas EDL muscle was mostly unaffected. The effects of HFML diet and swimming on fibre type transitions were counteractive and musclespecific, as the transitions induced by each of the two factors proceeded in the opposite direction in SOL and in GMd, whereas the average diameters of fibre types mostly remained unaffected by both factors.

Effect of HFML diet {#sec2-14}
-------------------

In rats with DMH induced colon tumours 21 weeks of HFML diet resulted in no significant changes in the fibre type composition of skeletal muscles. We observed only some muscle-specific tendencies for fibre type transitions, *i.e*. increased proportion of type 1 fibres and decreased proportion of type 1/2a in SOL, increased proportion of type 1/2a in EDL and type 2b in GMd. As already stated, the studies of the relationship between high fat diet and muscle fibre type transitions are scarce, especially in rats. We are familiar with only 3 studies and all of them used only healthy rats. In one study 6-week high fat diet (59% of fat) reduced the proportion of type 1 fibres in SOL but increased the proportion of type 1 fibres and reduced their fibre size in EDL.^[@ref10]^ In another study it was found that 10 weeks of high fat diet (57 % of fat) resulted in an increased proportion of type 1 fibres in rat SOL, while 5 weeks of high fat diet had no effect on fibre type transitions. ^[@ref11]^ In the third study no difference in MyHC mRNA expression was found in SOL, EDL and epitrochlearis (EPI) muscles after 8 weeks of high fat diet.^[@ref9]^ According to such controversial results, it can only be concluded that the reason for such discrepancy is likely the amount and source/composition of dietary fat in these studies. Namely, Mizunoya and co-workers fed rats with a 15% fat diet derived from different fat sources (soybean oil, n-6 PUFA-rich) *vs* lard (low in PUFA) *vs* fish oil (n-3 PUFArich) and observed that the intake of different types of dietary fats affected the fibre type composition of skeletal muscles differently and in muscle-specific manner.^[@ref12]^ In addition, our findings suggest that DMH induced colon tumours may be additional factor to modulate the effect of high fat diet on muscle fibre types. The underlying mechanisms involved in the skeletal muscle metabolism to adapt to high lipid availability are not known. In healthy rats, it was demonstrated that dietary lipids alter the fatty acid (FA) profile of mitochondrial membrane in multiple tissues, including skeletal muscle, which may elicit short- or long-term changes in reactive oxygen species (ROS) production by muscle mitochondria in muscle-specific manner.^[@ref26],[@ref27]^ Namely, 8 weeks of diet with 15% fat derived from soybean oil (n-6 PUFA-rich) or coconut oil (saturated FA-rich) resulted in changed activities of some antioxidant enzymes in muscle-specific manner.^[@ref27]^ Interestingly, despite the diverse activity of ROS scavenging enzymes found in SOL and white gastrocnemius muscles after both high fat diets, an increased lipid peroxidation was found in both muscles.^[@ref27]^ In our study in rats with DMH induced tumours 21-week, HFML diet resulted in an increased lipid peroxidation (MDA) and GSSG but with no significant differences in the activities of antioxidant enzymes (SOD, CAT, GPx, GR, GSH) in SOL muscle, indicating a compromised antioxidant defence system after HFML diet.^[@ref18]^ It is well known that SOL muscle is rich in mitochondria and relies mostly on fat oxidation for its energy metabolism, similar like EDL muscle, containing quite high proportion of oxidative type 2a fibres, while EPI muscle, rich in type 2b fibres, is poor in mitochondria and relies mostly on glycolytic metabolism. Thus, it is not surprising that Pinho and coworkers ^[@ref9]^ observed that the capacity of fat oxidation was similar in SOL and EDL and much lower in the EPI muscle. Although all three muscles increased their rates of fatty acid oxidation to cope with the overabundance of lipids, no significant differences in the activity of antioxidant enzymes SOD, CAT or GPx were found in these muscles after 8 weeks of high fat diet (composed of lard and soybean oil). However, in SOL significantly decreased activity of TRXT and increased UCP2 and UCP3 mRNA expression was found.^[@ref9]^ Taken together, these results suggest that the regulation of ROS production is an intrinsic characteristic of a muscle, related to its fibre type composition (oxidative *vs* glycolytic) and is consequently muscle-specific. Therefore, the impact of potentially deleterious effects of ROS production on skeletal muscle metabolism/ function under various conditions (high fat diet, exercise, malnutrition, tumorigenesis) also seems to be fibre-type dependent. Additionally, our studies suggest that HFML diet might importantly impair the antioxidant status of the muscles and muscle fibre type composition in rats with DMH induced colon tumours, however this observation needs further investigation.

Effect of swimming {#sec2-15}
------------------

It is well established that the endurance training induces fast-to-slow fibre type transitions in skeletal muscles.^[@ref1],[@ref2]^ In contrast to this generally accepted paradigm, we demonstrated that in rats with DMH induced tumours the endurance swimming (21 weeks) induced a trend of transitions in the expected direction only in some of fast gastrocnemius samples. Interestingly, the endurance swimming resulted in increased proportion of hybrid 1/2x fibres in GMd, what is the opposite to the effect of DMH treatment in sedentary rats,^[@ref7]^ showing that swimming has neutralized the effect of DMH treatment. To our knowledge, this is the first study demonstrating a beneficial effect of endurance swimming on muscle fibre types in rats with DMH induced colon tumours. Contrary to fast GMd, in slow SOL swimming induced transitions in the opposite direction (slow-to-fast). Such a diverse or muscle-specific response to swimming in healthy rats has been reported previously. Namely, in rat EDL muscle a decreased proportion of the fastest type 2b and concomitant increased type 2x proportion were reported after 4-week swimming indicating fast-to-slow transitions.^[@ref28]^ Similarly, in fast plantaris muscle of Wistar rats fast-to-slow transitions were found after 8-week swimming with overload.^[@ref29]^ On the contrary, in SOL muscle of Wistar rats slow-to-fast fibre type transitions were found after 6-week swimming^[@ref30]^ and after 8- week swimming with overload,^[@ref29]^ which is in agreement with our results obtained after 21-week swimming in DMH-treated rats.

These results show that the direction and extent of fibre type transitions is most likely related to the functional recruitment of a muscle in a particular type of exercise. Namely, studies employing muscular blood flow and electromyography (EMG) recordings, which both reflect the recruitment level of muscles, demonstrated that SOL is recruited at swimming, but less heavily than the fast GM, though both muscles are synergists at plantar ankle flexion.^[@ref31],[@ref32]^ Swimming is actually a non-weight bearing form of locomotion that unloads the slow postural muscle such as SOL and loads more the ankle fast-twitch extensor tibialis anterior and fast-twitch flexor gastrocnemius muscle as the activation level of GM and GL was higher during swimming than during running.^[@ref33]^ It was also demonstrated that the involvement of GMs increases relative to GMd with increased motor demands. Contrary to swimming, during quadrupedal standing and running the highest EMG activity was recorded in SOL, whereas in GMd it was lower and GMs was silent.^[@ref32]^ However, we assume that due to intrinsic genetically determined characteristics, the range of fibre type transitions in a muscle is related not only to the role of a particular muscle in swimming but to its basic fibre type composition as well.^[@ref2],[@ref34]^

In addition, it was demonstrated that swimming affected the antioxidant status and mitochondrial function in skeletal muscles in muscle-specific manner as well. For instance, after 8-week swimming (60 min/day 5 days/week) the activity of SOD and GPx decreased, whereas that of CAT increased in white gastrocnemius muscle. While in slow SOL the activity of CuZnSOD and CAT remained unchanged, the activity of MnSOD increased and that of GPx decreased. The citrate synthase activity, a commonly used marker for the presence of intact mitochondria, was increased in SOL but unchanged in gastrocnemius, indicating an increase in the mitochondrial density/function in SOL after swimming.^[@ref35]^ It is well established that ROS generated during muscle contraction play a critical role in the muscle adaptation to exerciseinduced oxidative stress by activating redox-sensitive signalling pathways (*i.e*., NFκB, MAPK), which govern not only the antioxidant enzyme adaptation but also other biological activities in skeletal muscle, such as mitochondrial biogenesis, repair and even fibre type transformation.^[@ref36]^ However, we found that the endurance swimming in rats with DMH induced colon tumours did not affect the antioxidant status (SOD, CAT, GPx, GR, GSH, GSSG, MDA) in SOL muscle^[@ref16]^ although slow-to-fast fibre type transitions were induced. Our results thus indicate that the endurance swimming may abolish the effects of DMH induced colon tumours on muscle fibre types through other, currently unknown mechanisms.

HFML diet compromised the effect of swimming {#sec2-16}
--------------------------------------------

To our knowledge the combined effects of HFML diet and swimming on fibre type composition of skeletal muscles of rats with DMH induced tumorigenesis have not been evaluated yet. We found that HFML diet not only compromised the beneficial effect of swimming on colon cancer incidence^[@ref19]^ but on the fibre type transitions in skeletal muscles as well. Although the effect of swimming (slow-to-fast) prevailed in SOL of DMH-treated rats on HFML diet, it was partly restricted by the counteractive effect of HFML diet as the transitions proceeded only up to hybrid 1/2a fibres and not further up to type 2a as found in DMH-treated rats on LFCO diet. Moreover, HFML diet had almost completely neutralized the effect of swimming in SOL as the fibre type composition of SOL in HFML-S was very similar to that in LFCO fed sedentary rats. Like in SOL, HFML diet and swimming had an opposite effect in GMd as well. Namely, the tendency of type 2b proportion increase due to HFML diet was obviously counteracted by swimming as the proportion of this fibre type was significantly lower in HFML-S. Thus, our results demonstrated that in rats with DMH induced colon tumours fibre type transitions induced by combined effects of swimming and HFML diet are muscle-specific and counteractive as well. Like in our study in DMH-treated rats, a muscle-specific and counteractive effects of high fat diet and exercise (running) on fibre type transitions were observed in healthy rats as well,^[@ref10]^ which additionally confirms that high fat diet and exercise are important factors, which can trigger the fibre type transitions in various health conditions, including tumorigenesis.

The underlying mechanisms of combined effects of swimming and high fat diet involved in the metabolism/adaptation of skeletal muscles are not known but seem to affect the antioxidant status of a muscle in muscle-specific manner too. For instance, 8 weeks of diet with 15% fat derived from soybean or coconut oil resulted in altered ROS production in white gastrocnemius muscle of swimming rats while in SOL no changes in ROS production were found. Interestingly, despite the unchanged activity of antioxidant enzymes in the swimming rats, the coconut oil diet resulted in decreased activity of citrate synthase and soybean oil diet in increased lipid peroxidation in SOL muscle.^[@ref27]^ In our previous study in rats with DMH induced colon tumours, 21-week swimming resulted in markedly increased ROS production in SOL muscle of rats on HFML diet, shown by a significantly increased activity of SOD, CAT, GPx, but unchanged level of MDA.^[@ref18]^ Thus, all these results suggest that the dietary fat, depending on the composition of fatty acids, can cause various responses in ROS production under exercise conditions. In our previous study HFML diet significantly affected the antioxidant status of SOL under exercise conditions, which resulted in the muscle adaptation both at the level of antioxidant status and fibre type proportions.

Therefore, these findings show that the exercise as well as the type and amount of fat included in the diet are important factors in the muscle adaptation in rats with colon tumours. Thus, neglecting these facts can lead to the misinterpretation of the results, particularly in studies of carcinogenesis. In conclusion, we demonstrated that in rats with DMH induced colon tumours HFML diet resulted only in some trends for changes of individual fibre type proportions, whereas swimming induced more prominent fibre type transitions only in slow SOL. Interestingly, if present the effects of HFML diet and swimming on fibre type composition of skeletal muscles were counteractive. Namely, in SOL of rats with DMH induced colon tumours HFML diet had almost completely neutralized the effect of swimming. Importantly, both HFML diet and/or swimming effects were found to be muscle-specific and are probably related to the basic, genetically determined muscle fibre type composition, which determines the adaptive range for fibre type transitions due to changed physiological conditions. However, further studies are necessary to elucidate the underlying mechanisms that modulate the effects of HFML diet and exercise on muscle fibre type transitions in rats with tumours.

The authors thank to Mrs. Ksenija Kodra, Mrs. Nataša Pollak, Mrs. Majda Črnak-Maasarani, Mrs. Andreja Vidmar, Mr. Marko Slak and Mr. Milan Števanec for their technical assistance.

![Experimental protocol: low-fat corn oil (LFCO) diet, high-fat mixed lipid (HFML) diet, carcinogen 1,2 dimethylhydrazine (DMH).](ejh-62-3-2945-g001){#fig001}

![Effect of high-fat mixed lipid (HFML) diet on fibre type transitions: the average proportions (%) of fibre types (1, 1/2a, 1/2x, 2a, 2ax, 2x, 2xb) in the soleus (SOL), extensor digitorum longus (EDL), the deep and superficial portion of the gastrocnemius medialis (GMd, GMs) and lateralis (GLd, GLs) muscles of low-fat corn oil (LFCO) diet fed sedentary rats (LFCO) and HFML fed sedentary rats (HFML). Values are means ± SEM, significant differences (P\<0.05) between both groups are labelled by an asterisk (\*) and the trends for differences (P=0.05-0.1) are labelled by a triangle (▲).](ejh-62-3-2945-g002){#fig002}

![Effect of swimming on fibre type transitions: the average proportions (%) of fibre types (1, 1/2a, 1/2x, 2a, 2ax, 2x, 2xb and 2b) in the soleus (SOL), extensor digitorum longus (EDL), the deep and superficial portion of the gastrocnemius medialis (GMd, GMs) and lateralis (GLd, GLs) muscles of low-fat corn oil (LFCO) diet fed sedentary rats (LFCO) and LFCO fed swimming rats (LFCO-S). Values are means ± SEM, significant differences (P\<0.05) between both groups are labelled by an asterisk (\*) and the trends for differences (P=0.05-0.1) are labelled by a triangle (▲).](ejh-62-3-2945-g003){#fig003}

![Effect of swimming on fibre type transitions in soleus (SOL) muscle of low-fat corn oil (LFCO) diet fed rats. Type 1(1), 1/2a (1a) and 2a (a) fibres were immunohistochemically determined according to the myosin heavy chain (MyHC) expression with monoclonal antibodies BA-D5 specific to MyHC-1 (a,b) and SC-71 specific to MyHC-2a (c,d) in LFCO fed sedentary (LFCO; a,c) and swimming rats (LFCO-S; b,d). Note that fast type 2a fibres are more numerous in LFCO-S (b, d). Scale bar: 100 μm.](ejh-62-3-2945-g004){#fig004}

![Interactive effect of high fat mixed lipid (HFML) diet and swimming on fibre type transitions: the average proportions (%) of fibre types (1, 1/2a, 1/2x, 2a, 2ax, 2x, 2xb and 2b) in the soleus (SOL), extensor digitorum longus (EDL), the deep and superficial portion of the gastrocnemius medialis (GMd, GMs) and gastrocnemius lateralis (GLd, GLs) muscles of HFML diet-fed sedentary (HFML) and swimming rats (HFML-S). Values are means ± SEM, significant differences (P\<0.05) between both groups are labelled by an asterisk (\*) and the trends for differences (P=0.05-0.1) are labelled by a triangle (▲).](ejh-62-3-2945-g005){#fig005}
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